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• A method to qualitatively detect monkey-
pox virus DNA in wastewater is described

• Monkeypox virus DNA was detected in
wastewater originating from Amsterdam
and Schiphol Airport

• Detection of monkeypox virus DNA in
wastewater can aid in monitoring mon-
keypox cases
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As of 18 August 2022, 1087 confirmed cases of monkeypox are reported in the Netherlands. Monkeypox virus likely
ends up in wastewater because i) skin flakes from areas affected by the typical rash and scabbing may wash off, and
ii) monkeypox virus has been detected in animal and human feces. Here we describe a method to qualitatively detect
monkeypox virus DNA in wastewater, that may prove a valuable surveillance tool for outbreaks.
1. Introduction

Since the beginning of May 2022, the zoonotic disease monkeypox is
spreading outside of Africa, in non-endemic countries (Zumla et al., 2022).
In contrast to previous outbreaks when the transmission route was mainly
animal-to-human (Reynolds et al., 2006), human-to-human transmission is
currently considered to be the main route of transmission (Bunge et al.,
2022; WHO, 2022). The majority of monkeypox cases develop a (initially
localized) rash across the body. In the current outbreak, cases of genital or
peri-anal rash are reported (WHO, 2022). Virus concentrations are found
.
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to be particularly high in affected skin (Adler et al., 2022; Antinori et al.,
2022). Over time, the rash typically turns into blisters that dry out and sub-
sequently form crusts and scabs. Monkeypox virus (MPXV) from these crusts
and scabs may be released in wastewater while rinsing, showering, or toilet
usage (WHO, 2022). MPXV can also be detected in animal (Hutson et al.,
2009) and human feces (Antinori et al., 2022), and human anal swabs are
collected for diagnostic testing of infected individuals (personal communica-
tion; Centre for Infectious diseases research, Diagnostics and laboratory
Surveillance (CIb, RIVM)). This indicates that feces either contain excreted
MPXV, or become contaminated when defecating. Both skin and excretion
processes are likely to result in viral particles ending up in wastewater.
Here, we describe a method to detect MPXV DNA in wastewater, which
may be a valuable surveillance tool to provide information about MPXV
circulation in the human population.
2022
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The first case of monkeypox in the Netherlands was confirmed on 20
May 2022. As of 18 August 2022, the number of confirmed cases has
further increased to 1087 (RIVM, 2022). The affected population is almost
exclusively male. When patients are suspected of having monkeypox,
diagnostic tests are performed. Municipal Public Health Services start
source and contact tracing when cases are confirmed. Recently, on July
23, 2022, WHO declared monkeypox outbreak a Public Health Emergency
of International Concern. Monkeypox was classified as an A-status notifi-
able disease in the Netherlands on May 21st, meaning that any suspected
or confirmed case should be immediately reported to the public health ser-
vices (Government of theNetherlands, 2022). Confirmed cases are reported
throughout the country, the majority of which are currently located in
Amsterdam (RIVM, 2022).
Table 1
Monkeypox virus DNA detection in the wastewater samples taken at different locations f
and the West-African specific assay, respectively.

Date WWTP Amsterdam Westpoort WWTP Amsterdam West

CD-1 64,000a WWTP 310,762 CD-2 16,000 CD-3 4

Week 20 16 May n.d.
17 May n.d.
18 May n.d. n.d. n.d.
19 May
20 May n.d.
21 May
22 May

Week 21 23 May n.d.
24 May
25 May n.d. n.d. n.d.
26 May
27 May n.d.
28 May n.d.
29 May

Week 22 30 May 38.8/39.6
31 May n.d.
1 Jun n.d. 41.8b/42.1b n.d. n.d.
2 Jun
3 Jun 39.1/37.4
4 Jun
5 Jun

Week 23 6 Jun 38.2/37.4
7 Jun
8 Jun n.d. 40.6/38.2 n.d. 39.8/3
9 Jun 38.6/37.6
10 Jun 40.3/38.6
11 Jun
12 Jun

Week 24 13 Jun 36.5/36.1
14 Jun 39.8/38.0
15 Jun n.d. n.d. 40.6/40.5 37.0/3
16 Jun
17 Jun n.d.
18 Jun
19 Jun

Week 25 20 Jun 38.8/38.7
21 Jun 37.7/37.7
22 Jun 40.9/41.4 35.9/36.6 n.d. n.d.
23 Jun
24 Jun n.d.
25 Jun
26 Jun

Week 26 27 Jun n.d.
28 Jun n.d.
29 Jun n.d. n.d. n.d. n.d.
30 Jun
1 Jul 40.6/39.4
2 Jul
3 Jul
Total 7 26 7 7

CD: Amsterdam city district; n.d.: sample tested, monkeypox virus DNA not detected.
a The number of inhabitants connected to each sampling location.
b Results from the 10-times diluted sample when the undiluted sample yielded no res
c No number of inhabitants is associated with the WWTP of Schiphol Airport since it

2

2. Materials and methods

2.1. Wastewater samples

To monitor the spread of SARS-CoV-2 in the Netherlands a National
Sewage Surveillance program has been established. As of September
2020, all wastewater treatment plants (WWTPs) send 500 mL of 24-h
flow proportional wastewater samples to the RIVM. Additionally, wastewa-
ter samples were taken at the Schiphol Airport WWTP. Currently, each
WWTP is sampled four times a week. As a pilot study, since the end of
2020 flow proportional samplers were placed in five city districts of
Amsterdam to monitor the SARS-CoV-2 viral load at district level twice
per week. In this study a selection of samples collected from the five
rom 16 May-3 July 2022 (n=108). Shown are the average Ct values of the generic

Schiphol Airport

9,000 CD-4 118,000 CD-5 121,000 WWTP 648,560 WWTP-c

n.d.
n.d. n.d.

n.d. n.d. n.d.

n.d.

38.1/39.4
n.d. n.d.

n.d.
n.d. n.d.

n.d.
n.d.

38.1/37.4

n.d.
n.d. 42.9/42.4 39.0/38.0

39.5/39.9
39.3/39.2
40.2/39.3
38.7/38.3 n.d.

n.d.
9.2 n.d. n.d. n.d.

n.d.
39.0/39.2
38.9/39.1 n.d.

n.d.
40.0/39.0 n.d.

7.0 40.0/37.9 39.0/37.9 39.1/38.4 n.d.

n.d.

40.1/39.5
n.d.

39.7/40.9 n.d.
39.1/39.8 35.7/35.8 39.3/38.6

n.d.
42.1/41.4
n.d. n.d.

39.5/38.9
38.6/38.3 39.8/38.2

39.4/38.8 39.6/39.6 41.0/40.5 n.d.

40.8/40.7

37.9/38.4
7 7 24 23

ult.
has no permanent inhabitants.
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Amsterdam city districts, theWWTP of Schiphol Airport and twoWWTPs in
Amsterdam, WWTP Amsterdam West and Amsterdam Westpoort (inhabi-
tant equivalents shown in Table 1). The samples included in our study
were collected in week 9 (28 February–6 March 2022) and weeks 20–26
(16 May 2022–3 July 2022).The February and March samples were
included as negative control samples for our assay. All samples were stored
in a refrigerator at 4 °C until further processed.

2.2. Sample processing and DNA extraction

Twenty-five mL of homogenized wastewater was centrifuged for
10 min at 15,000 ×g at room temperature. A maximum of 2 mL of pellet
and remaining wastewater was transferred to a 2-mL tube and centrifuged
for 5 min at 20,000 ×g at room temperature. Subsequently supernatant
was discarded resulting in a final volume of approximately 0.5 mL per
sample.

The DNeasy blood and tissue kit (Qiagen, Hilden, Germany) was used
for the extraction of nucleic acids from the pellet/wastewater samples.
Briefly, 1:1 lysis buffer AL was added to the samples (for instance 0.5 mL
sample + 0.5 mL lysis buffer) and thoroughly mixed by vortexing for
1 min and the samples were incubated in a thermomixer (Eppendorf) for
15 min at 56 °C (1250 rpm). The samples were centrifuged for 1 min at
10,000×g and the supernatant containing the lysis buffer with the nucleic
acids was transferred to new 2-mL tubes. A volume of 96 % ethanol (EtOH)
(1:2) was added (for instance 0.8 mL lysis buffer containing nucleic acids
+0.4 mL 96 % EtOH) and mixed by vortexing. The samples were added
to the spin columns and this process was repeated until the entire sample
was processed. After two wash steps the DNA was eluted twice with
100 μL elution buffer, resulting in a DNA eluate volume of 200 μL. To
remove any inhibitors present in the DNA eluates, 100 μL of each sample
was processed with the Zymo OneStep™ PCR inhibitor Removal Kit
(Zymo Research, Leiden, the Netherlands) and were either used directly
in the qPCR or stored at −70 °C until further use.

2.3. Molecular detection

MPXV DNA was detected with a multiplex assay using primers and
probes described by the CDC (Li et al., 2010), an assay for the generic
MPXV detection and the specific detection of the West-African clade, with
minormodifications, to better fit the currently circulatingMPXV (modifica-
tion is underlined in primer sequences). Briefly, a total volume of 20 μL
reaction mixture contained 1× TaqMan® Universal PCR Master Mix
(Applied Biosystems, Warrington, UK), 500 nM G2R_G forward (5′-GGA
AAG TGT AAA GAC AAC GAA TAC AG-3′), 500 nM G2R_G reversed (5′-
GCT ATC ACA TAA TCT GAA AGC GTA-3′), 250 nM G2R_G probe (5′-
FAM-AAG CCG TAA TCT ATG TTG TCT ATC GTG TCC-BHQ1-3′), 500 nM
G2R_WA forward (5′-CAC ACC GTC TCT TCC ACA GA-3′), 500 nM
G2R_WA reversed (5′-GAT ACA GGT TAA TTT CCA CAT CG-3′), 250 nM
G2R_WA probe (5′-Texas Red-AAC CCG TCG TAA CCA GCA ATA CAT TT-
BHQ2-3′) and 5 μL of template DNA.

The qPCR was performed on a QiaQuant (Qiagen) Real-time PCR ma-
chine with cycling conditions of 50 °C for 1 min, 95 °C for 6 min followed
by amplification consisting of 50 cycles of 95 °C for 15 s and at 60 °C for
45 s. In each qPCR run the extracted DNA was tested in duplicate on an
undiluted and on a 10 times diluted DNA extract. In each of these runs a neg-
ative and positive control (containing MPXV DNA from a clinical sample,
kindly provided by the Centre for Infectious diseases research, Diagnostics
and laboratory Surveillance, CIb, RIVM) and plasmid pMP were included.
Plasmid pMP contains the following sequence, which consists of several
parts of the MPXV genome:

AGAGATTTAGCACCACATGCACCATCCAATGGAAAATGTAAAGACA
ACGAATACAGAAGCCGTAATCTATGTTGCTATCGTGTCCTCCGGGAACTT
ACGCTTCCAGATTATGTGATAGCAAGACTAATACACAATGTACGCCGTGT
GGTCACACCGTCTCTTCCACAGATAAATGCGAACCCGTCGTAACCAGCAA
TACATTTAACTATATCGATGTGGAAATTAACCTGTATCCAGTCAACGACA
CATCGTGTACTCGGACGATGTCTACCTGGATACAGAAAGCAAAAAATGGG
3

ACCCATATATGCTAAATGTACCGGTACCGGATGGACACTCTTTAATCAAT
GTATTAAACGGAGATGCCCATCGCCTCGAGATATCGATAATGGCCAAC.

The sequence is synthesized and ligated into vector pMA-T by Invitrogen
resulting in plasmid pMP. Plasmid pMP was diluted to a concentration of
0.01 pg/μL, and 5 μL was used as a positive control in the qPCR runs.

To confirm the specificity of the qPCR results, a selection of samples
with Ct-values below 40 were used in a semi-nested PCR assay, combining
the oligos from the generic and the West-African specific qPCR. Sanger
sequencing was performed on the resulting 449 bp PCR products (Text S1).

3. Results

Since the majority of confirmed monkeypox cases were located in
Amsterdam, we determined the presence ofMPXVDNA inwastewater sam-
ples from five city districts in Amsterdam and two WWTPs, i.e. Amsterdam
West and Amsterdam Westpoort. Additionally, wastewater samples from
Schiphol Airport, a major travel hub, were included. DNA was extracted
from (bio)solids present in wastewater, and the presence of MPXV DNA
was determined using the generic and West-African specific qPCR assays.

A sample was considered positive when both the generic qPCR and the
West-African clade qPCR yielded a signal resulting in a Ct-value. MPXV
DNAwas detected in 45/108 (42%)wastewater samples collected between
16 May–3 July 2022: 11/35 (31 %) wastewater samples collected from
the five city districts in Amsterdam, 28/50 (56 %) wastewater samples col-
lected from the twoWWTPs, and 6/23 (26%)wastewater samples collected
from the Schiphol AirportWWTP (Table 1). In week 20 andweek 21,MPXV
DNA could only be detected in 2 wastewater samples, both from Schiphol
Airport. From week 22 onwards, each week approximately more than half
of the samples were positive for the presence of MPXV DNA. Ct values
ranged between 35 and 42, indicating relatively low DNA concentrations
present in the tested samples. No MPXV DNA could be detected in samples
taken in week 9 (28 February–6 March) (Table S1), corresponding to the
absence of monkeypox cases in the Netherlands at that time.

In the qPCR that was performed on the DNA eluates directly after the
DNeasy blood and tissue kit (Qiagen) we found high Ct-values (41–45) and
variable results between the tested dilutions were obtained, which suggested
the presence of inhibitory substances. After using the Zymo OneStep™ PCR
inhibitor Removal Kit (Zymo Research) the qPCR data resulted in lower Ct-
values (35–42) and improved S-curves in the qPCR data, in only one sample
only the 10-times diluted samples yielded a qPCR signal. Although differ-
ences in Ct-values between samples were observed due to different composi-
tions of the wastewater at different locations, the assays for the generic and
West-African clade yield highly similar Ct-values within a sample (Table 1).

To confirm the specificity of the qPCR used in this study an additional
conventional PCR was performed on a selection of samples with Ct values
below 40. A PCR product was generated using the G2R_G forward primer
and the G2R_WA reversed primer (475 bp), on which Sanger sequencing
was performed. Sanger sequencing confirmed the amplification of MPXV
DNA from wastewater (details described in Text S1).

4. Discussion

This study describes a method to detect MPXV DNA in (bio)solids in
wastewater in a qualitative manner, meaning that when a sample is posi-
tive, the viral DNA is present. In contrast, when the virus is not detected
this could either indicate that no individuals are excreting viral particles
in that area or that the amount of DNA present in the sample is below the
detection limit of the assay.

Direct nucleic acid extraction, as used for the SARS-CoV-2 analysis, was
also tested in the MPXV qPCR but yielded no usable data. Furthermore,
comparative experimentswere performed by centrifuging 25–50mLwaste-
water to separate the aqueous phase from the (bio)solids. The aqueous
phase was then concentrated with centrifugal filters, and DNA was ex-
tracted from the concentrate and the (bio)solids. The DNA extraction on
the (bio)solids yielded the best results and was therefore used throughout
our study (Data not shown).



E.F. de Jonge et al. Science of the Total Environment 852 (2022) 158265
Currently, the process through which MPXV ends up in wastewater is
unknown. Both excretion or secretion through feces is observed in infected
animals and humans (Antinori et al., 2022; Hutson et al., 2009). Another
plausible process is that skin flakes from affected areas of the body wash
off into wastewater. The blisters and resulting scabs are reported to contain
high virus concentrations (Adler et al., 2022; Antinori et al., 2022).
Although the predominant origin of MPXV shedding is unknown, both
pathways may lead to detectable DNA in wastewater. The locations that
were selected in our study were based on the fact that the number of
confirmed cases is relatively high in Amsterdam.

A caveat in terms of public healthmonitoring is thatMPXV has been iso-
lated from different rodents and other small mammals (Alakunle et al.,
2020), suggesting that small mammals living in the sewerage, such as
rats, could become a reservoir of MPXV. However, we believe our results
show that MPXV shed by humans is currently being detected. Firstly
because in the wastewater samples from Schiphol Airport, detection
of MPXV DNA is intermittent, whereas it is stable in the WWTPs of
Amsterdam where clinically confirmed cases are known. With a relatively
small and highly specific catchment area, Schiphol Airport as a major travel
hub (5.1 million passengers in May 2022) has an almost completely vari-
able ‘human population’, whereas detection of MPXV deriving from animal
reservoirs would be farmore consistent over time. Secondly, as monkeypox
is not shown or believed to be a currently endemic disease in animal popu-
lations, this provides further confidence that detection of the virus in the
tested samples is currently the result of human shedding. Nonetheless,
MPXV animal reservoirs remain possible, and could affect the applicability
of wastewater monitoring in the future.

Future research will include testing of wastewater samples originating
from WWTPs dispersed over the Netherlands, especially in regions where
no or only a few confirmed monkeypox cases have been reported. This
will provide additional results to assess the potential of wastewater-based
surveillance and the possibility of an early-warning system for viruses
such as MPXV. Asymptomatic and mild cases are inherently underrepre-
sented in the group of confirmed cases, detection in wastewater may
be an unbiased indicator. By performing this research, the potential of
wastewater-based surveillance and especially an early-warning system for
viruses, such as monkeypox, can be investigated further.

5. Conclusions

Our study shows a proof of principle of MPXV DNA detection in (bio)
solids from wastewater. We present qualitative detections in various sam-
ples from five city districts, and twoWWTPs in Amsterdam, chosen because
of the relatively high number of confirmed cases. Additionally we present
detections in samples fromSchiphol Airport, an international transportation
hub where infected patients had possibly travelled through. The occasional
detections at Schiphol Airport and the increase in positive wastewater
samples when confirmed cases increased in Amsterdam indicate that the
detection of MPXV DNA in wastewater, besides clinical surveillance may
be an additional, regionally applicable surveillance option to monitor the
presence of monkeypox infected individuals.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.158265.
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